We describe the ScanMIC method, a colorimetric MIC method for susceptibility testing of gram-negative fermentative bacteria. The method is a slight modification of the National Committee for Clinical Laboratory Standards (NCCLS) recommended broth microdilution method that uses a redox indicator 2,3,5-triphenyltetrazolium chloride (TTC) to enhance the estimate of bacterial growth inhibition in a microplate and a flatbed scanner to capture the microplate image. In-house software was developed to transform the microplate image into numerical values based on the amount of bacterial growth and to generate the MICs automatically. The choice of indicator was based on its low toxicity and ease of reading by scanner. We compared the ScanMIC method to the NCCLS recommended broth microdilution method with 197 coliform strains against seven antibacterial agents. The interpretative categorical agreement was obtained in 92.4% of the assays, and the agreement for MIC differences (within ؎1 log 2 dilution) was obtained in 96% for ScanMIC versus broth microdilution and 97% for a two-step incubation colorimetric broth microdilution versus the broth microdilution method. The method was found to be labor-saving, not to require any initial investment, and to show reliable results. Thus, the ScanMIC method could be useful for epidemiological surveys that include susceptibility testing of bacteria.
One of the principal areas of medical concern has been the emergence (14) and transmission of multidrug resistant bacteria in humans (10, 27) , since the wide use of antibiotics in hospitals and the community, agriculture, and animal feed has increased the number of resistant bacteria in the environment (12, 26) . Obviously, resistant bacteria pose a public health hazard when they are present in the environment because of the likelihood of transmission to humans (4, 24) . Thus, it is important to monitor the resistance of bacteria in the environment as well as in humans. To facilitate such studies, we developed a semiautomated colorimetric MIC method, the ScanMIC method, for determining susceptibility patterns for hundreds of strains of gram-negative fermentative bacteria.
Many different methods are available for bacterial susceptibility testing, including disk diffusion, agar dilution, broth microdilution, and antibiotic gradient disks (15) . Broth microdilution is convenient and widely used for susceptibility testing of several antibiotics on a large number of bacterial isolates in a short time. Most of the commercially available automated systems, including MicroScan plates with the WalkAway-96 system (23) and Vitek automated microbiology system (bio Merieux Vitek, Inc.) (3) , and semiautomated (the Wider system) (6) susceptibility testing systems are also based on the broth microdilution method. Some of those automated systems use image-processing technology to read the plates to avoid the time-consuming labor of visually reading and registering the MICs on a form, followed by manually entering them into the computer. In those semiautomated systems, spectrophotometers, digital cameras, or video cameras are used to capture the micro plate images (6, 17) . However, a cheap, attractive alternative would be the use of a normal flatbed scanner, a method that was evaluated in this study.
In broth microdilution, as with many susceptibility tests, problems might arise when determining the endpoints of growth, which may lead to false interpretations of susceptibility and to decreased reproducibility (9) . Since turbidity is measured visually, the endpoint of bacterial growth may be underestimated. This problem has been partly solved in some laboratories by using an indicator in the conventional broth microdilution method, a procedure referred to as a colorimetric MIC method (1, 2, 13) . In a colorimetric MIC method, a redox indicator changes the color in response to bacterial growth, which enhances the detection of growth. Adding the indicator also helps to semiautomate the broth microdilution method through image processing. However, the indicators might affect bacterial growth, which in turn may change the interpretation of susceptibility (13, 25) . In order to be able to select a suitable indicator, we compared five different indicators for toxicity and suitability for computerized image analysis.
In this study, we describe the ScanMIC method and evaluate the MIC results obtained by the ScanMIC method in comparison to conventional broth microdilution method as recommended by the National Committee for Clinical Laboratory Standards (NCCLS) (22) and to a two-step incubation colorimetric broth microdilution method for 197 gram-negative coliform bacterial strains against seven antibacterial agents.
MATERIALS AND METHODS
Bacterial isolates. Environmental samples were taken at different sites of a model sewage treatment plant with duckweed for purification of hospital sewage water in Bangladesh. In addition, fecal samples were collected from children attending the hospital who were suffering from diarrhea. A total of 1,005 environmental and human coliform bacterial isolates were collected. The isolates were subjected to phenotyping by a biochemical fingerprinting system (18, 20) , the PhenePlate system (PhPlate Microplate Techniques, Solna, Stockholm, Sweden); 197 strains, each representing a different PhP phenotype, were subjected to MIC determination. According to the PhP results, 95 strains were Escherichia coli, 18 strains were Klebsiella spp., 16 strains were Citrobacter spp., 15 strains were Proteus spp., 9 strains were Serratia spp., 7 strains were Enterobacter spp., and 37 strains were other genera of the Enterobacteriaceae family. The isolates were stored in BHI broth with 30% glycerol at Ϫ70°C and cultured on blood agar plates prior to susceptibility testing. NCCLS recommended reference strains Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922 and 35218, Pseudomonas aeruginosa ATCC 27853, and Staphylococcus aureus ATCC 29213 were used as control strains in all experiments.
Antimicrobial agents. The antimicrobial agents tested were purchased from Sigma (St. Louis, Mo.), each one with a specified assay potentiality. Each one was tested in a series of seven twofold dilutions. The concentrations were selected from two dilution steps below the susceptible breakpoint to two steps above the resistance breakpoint. The agents tested and ranges of concentrations tested were: ampicillin, 2 to 128 mg/liter; tetracycline, 1 to 64 mg/liter; chloramphenicol, 2 to 128 mg/liter; nalidixic acid, 2 to 128 mg/liter; cephalothin, 1 to 64 mg/liter; streptomycin, 2 to 128 mg/liter; and gentamicin, 1 to 64 mg/liter.
Preparation of microdilution plates of the antibiotics. Weighing of antibiotic powders, solution preparation, and preparation of microdilutions of antimicrobial agents (twice the desired final concentration) in round-bottomed microplates were performed according to the NCCLS recommendations (22) . Furthermore, in the ScanMIC method, a growth indicator, 2,3,5-triphenyltetrazolium chloride (TTC; Sigma), was also added to the microplates, and the microplates were dried overnight with dry air at 25°C. All antimicrobial microdilution trays were stored in the cold room and used within 2 weeks after preparation.
Procedure for susceptibility testing. Bacteria were cultured overnight on blood agar plates. Three colonies were transferred to 5 ml of Mueller Hilton broth (Becton Dickinson) without blood and incubated at 37°C for 4 h to reach the exponential phase of growth. From these cultures, bacterial turbidity was adjusted to 0.5 on the McFarland turbidity standard as measured by absorbance (0.08 to 0.1 at 625 nm) in a spectrophotometer (Hitachi U-1100), corresponding to approximately 10 8 CFU/ml. The adjusted bacterial suspensions were first diluted 1:200 in Mueller-Hilton broth, and 100 l was added to each well (5 ϫ 10 4 CFU/well) in the preprepared microplate (broth microdilution or ScanMIC microplate), followed by incubation for 16 h at 37°C.
For broth microdilution, the MIC was defined as the lowest concentration of an antimicrobial agent at which no growth was detected as turbidity seen visually. For ScanMIC, the microplates were scanned with a reflective flatbed scanner (UMAX-Astra 6450) connected to a Windows-based personal computer. The images were analyzed with software developed in-house (available through PhPlate Microplate Techniques AB, Sweden). The software measures the intensity of the red color and the diameter of each pellet formed by bacterial growth, resulting in a numerical value representing the amount of pellet or formazan formation (pellet value). The background (value for the blank wells) is first deducted from the values for all other wells. After this, the software determines the lowest concentration showing a selected degree of growth inhibition, and from this concentration, the MIC for the antibiotic is calculated. In this investigation, 100% growth inhibition was used as limit in the MIC determination (22) .
In another assay, referred to as the two-step incubation colorimetric broth microdilution method, the indicator (TTC) was added to each well of the microplates after 16 h of incubation of the broth microdilution MIC plates. The bacteria were sucked up and down with the multipipette, after which the plates were incubated for 3 h longer. The microplates were scanned, and the MIC was defined as described above for the ScanMIC method. Broth microdilution, Scan-MIC, and two-step incubation colorimetric broth microdilution were performed on the same day for the same set of isolates, including reference strains. Duplicate tests were also performed on the following day for the subset of bacteria. Agreement with reference method. The ScanMIC method was compared to the reference broth microdilution method in two different ways. First, the distribution of differences in MIC results was determined. Agreement between MICs was calculated as follows: if the MICs obtained by the reference method and the tested method were identical, the difference was 0; if the tested method gave a MIC one dilution step larger than the reference method, the difference was ϩ1, and so on; for lower MICs, the differences were negative. The overall essential agreement was calculated within Ϯ1 log 2 dilution, i.e., the percentage of the isolates that gave identical results between plus and minus one dilution step (2) .
MICs lower than the lowest tested concentration were considered equal to the lowest concentration, and MICs higher than the highest tested concentration were considered equal to the highest tested concentration. In the second method, interpretative categorical results, obtained according to the NCCLS recommended interpretive standards for susceptible, intermediate, and resistant (SIR) for Enterobacteriaceae (22) , were compared for the ScanMIC method versus the reference method. This analysis compared the results with regard to clinical interpretation SIR classification, and "absolute interpretative agreement," obtained when both methods resulted in the same SIR categories. Absolute interpretative agreement, essential agreement, as well as minor, major, very major, and essential errors were also calculated and rated as described by Murray et al. (21) . For the details of these calculations, see the footnotes to the tables.
RESULTS
Indicator selection. In this study, toxic effects to reference strains caused by five different indicators were examined. Figure 1 shows the absorbance values of an E. coli strain (ATCC 25922) grown with different concentrations of the indicators. It was found that MTT and INT were more toxic to all the reference strains than TTC, XTT, and resazurin, since growth was completely inhibited by MTT and INT at concentrations of Ͼ0.007% and Ͼ0.03%, respectively. TTC, resazurin, and XTT at concentrations of Ͻ0.125% did not exhibit any inhibitory effects on bacterial growth. It was also observed that at concentrations below 0.003%, such small amounts of indicator did not affect the absorbance or change the color of the bacterial To optimize the concentrations of indicator and bacteria, checkerboard experiments were carried out. Figure 2 shows the 14.5-h kinetic curves in a microtiter plate with different concentrations of TTC and bacterial inocula, and 0.005% TTC was chosen as the optimal concentration. It was also noted that the initial concentration of the inocula was of less importance.
ScanMIC versus broth microdilution method. The MICs of the seven antibacterial agents against 197 coliform strains tested in duplicate were used to evaluate the accuracy of the ScanMIC method compared to the NCCLS recommended broth microdilution method. A total of 2,712 organism-antimicrobial agent combinations were analyzed. Table 1 shows the distribution differences in MICs by the ScanMIC method versus the broth microdilution method. The overall essential agreement (Ϯ1 log 2 dilution) was 95.8%, and the essential agreements ranged from 92.4% for tetracycline to 99.0% for nalidixic acid. The best essential agreements were observed for nalidixic acid. The MICs of cephalothin and gentamicin tended to be slightly lower in the ScanMIC method than the broth microdilution method, and the MICs of chloramphenicol, nalidixic acid, streptomycin, and ampicillin tended to be slightly higher in the ScanMIC method than the broth microdilution method. Two-step incubation colorimetric broth microdilution method versus broth microdilution method. In colorimetric MIC methods, indicators may be used in different ways. The indicator may be added to the microplate before the bacteria; i.e., the microplate is incubated once. This procedure is referred to as a one-step incubation colorimetric broth microdilution method, including our ScanMIC method. Alternatively, the indicator may be added to the broth microdilution plate after overnight incubation with bacteria, followed by incubation for another 3 h, i.e., a two-step incubation colorimetric broth microdilution method.
The MICs of the seven antibacterial agents against 197 coliform strains tested in duplicate were used to evaluate the accuracy of the two-step incubation colorimetric broth microdilution method compared to the broth microdilution method. A total of 2,712 organism-antimicrobial agent combinations were analyzed. Table 2 shows that the MIC differences and the overall essential agreement (Ϯ1 log 2 dilution) were 96.6%. In addition, the MICs were also read visually in parallel with the scanner. These two reading methods resulted in Ͼ99% concordance for the MICs obtained (data not shown) Agreement analysis by interpretative categories. MICs were converted to interpretative categories of susceptible, intermediate, and resistant for both methods to evaluate the categorical agreements between the ScanMIC method and the reference broth microdilution method. Table 3 shows the number of susceptible, intermediate, and resistant strains; minor, major, very major, and essential errors; and absolute and essential category agreement between the ScanMIC and broth microdilution methods. Overall, absolute agreement in interpretative categories was obtained for 92.4%, essential agreement for 98.3%, and minor errors for 6%. Major errors were only seen in 1.7%, and very major errors were only seen in 0.9%. The absolute agreement was lowest (82%) for cephalothin; intermediate (90%) for ampicillin, tetracycline, and streptomycin; and excellent (Ͼ98%) for chloramphenicol, nalidixic acid, and gentamicin.
FIG. 2. Checkerboard titration of bacterial growth in relation to
inoculum size and concentration of TTC in a microplate, where each row shows decreasing concentrations of indicator and each column shows decreasing inoculum size. The kinetic curves were generated from absorbance values (A 540 ) measured automatically every 30 min from 0 to 14.5 h. E. coli ATCC 25922 was used for the experiment. The experiments were repeated three times, and mean values were used to construct the kinetic curves. 
DISCUSSION
The broth microdilution method with commercially prepared antibiotic panels has become popular for susceptibility testing in clinical and veterinary microbiology laboratories. The ScanMIC method is a colorimetric broth microdilution method, and one major advantage of our system is the use of a simple flatbed scanner for reading the susceptibility test results. The use of a scanner offers a number of advantages; it is cheap, readily available, and easy to connect to a computer, and the whole microplate image can be saved for further analysis and verification. The method was used in a practical study and found to be easy to use for susceptibility testing of a large number of isolates.
In a recent study, our group evaluated different redox indicators and the use of a flatbed scanner for quantification of microbial growth in microplates (11) . It was shown that bacterial growth inhibition could be easily and reproducibly measured in round-bottomed microplates with a flatbed scanner, and it was also shown that TTC was an adequate indicator for measuring microbial growth with the scanner (11) . Different indicators have been used to determine bacterial growth since the 1940s (25) as well as for bacterial, yeast, and fungal susceptibility testing (8, 19) . Tetrazolium salts have been used in broth microdilution to enhance the detection of bacterial growth in different studies (13) . However, it has also been reported that tetrazolium indicators may be toxic to several types of bacteria (13, 25) . Our study again confirmed that high concentrations of indicators may have negative effects on bacterial growth (Fig. 1) . It was also noticed that small amounts of indicator did not always reflect bacterial growth (pellet) properly. A wide range of indicator concentrations were found to be useful, and a concentration of 0.005% (wt/vol) TTC was chosen for this assay.
Highly automatic and semiautomatic commercial systems for bacterial susceptibility testing have been used for the last 30 years (6). In the highly automated systems, bacterial inoculum preparation, inoculum dilution and distribution to the antibiotic panel or card, incubation, final reading, and calculation of the MICs are done by fully automated machines. Those machines and devices are expensive, and some may need an experienced person to handle them properly. The antibiotic panels may be expensive, and the flexibility of the antibiotics is limited (5) . Usually, the machines have been designed for susceptibility testing of hospital isolates, and in practice, they are only suitable for laboratories with a constant high load of samples to be tested. On the other hand, semiautomated systems are run more or less manually, but the results are normally obtained through the use of various plate-reading devices, such as a spectrophotometer, fluorometer, or digital camera, and the data are automatically transferred to a com- with all isolates tested as the denominator; major, percentage of susceptible isolates falsely determined as resistant by the tested method, calculated with the number of susceptible isolates as the denominator; very major, percentage of resistant isolates falsely determined as susceptible by the tested method, calculated with the number of resistant isolates as the denominator; essential, percentage of isolates with major and very major errors, calculated with the total number of the susceptible and resistant isolates as the denominator.
b Absolute, calculated as the total number of isolates given identical interpretative agreement, using the sum of all isolates tested; essential, calculated as the total number of isolates that gave absolute agreement and minor errors, using the sum of all isolates tested.
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puter for image analysis, calculations, and storage of MICs (5, 6) . Such systems are less time-consuming and require lesssubjective judgment of results. Furthermore, semiautomated systems do not carry high initial costs, and the antibiotic panel may be prepared in house or by local companies, so the antibiotics to be tested can easily be selected according to the local demand.
In this study, we evaluated the use of a simple flatbed scanner to capture the microplate image (Fig. 3) and developed software to transfer the microplate images into MICs ( Table 4) that were printed on a final result sheet (Table 5 ). Our Scan-MIC method could be regarded as a semiautomated susceptibility testing method, which avoids visual reading and manual registering of the MICs. A further advantage of the software analysis is the fact that other limits than 100% inhibition can be used for the MIC calculation. For laboratories that only occasionally need to investigate the antibiotic susceptibility of a large number of isolates, the ScanMIC method may be an optimal choice. Furthermore, because of its low instrument cost, it may also be suitable in developing countries and small laboratories.
Data on accuracy and reproducibility are important in the evaluation of any new susceptibility testing method. According to the NCCLS, more than 95% of the MICs obtained from a new MIC test method should fall within the 3 log 2 dilutions of the values obtained with the reference method (15) . However, NCCLS has not yet set standards for comparisons of automated susceptibility systems, but a guideline has suggested that the overall essential agreement must be Ͼ90%, very major errors must be Ͻ3%, and the rate of minor and major errors must not exceed 7% (7) . Again, in the evaluation of a new susceptibility testing method, an adequate number of resistant strains should be tested because the susceptibility level of the tested population may affect the evaluation of susceptibility test errors (15) .
In our study, with all 197 coliform strains tested against seven antibacterial agents, a mean of 44% strains were susceptible, 6% were intermediate, and 50% were resistant. The ScanMIC method was found to be comparable to the reference method, with an overall essential agreement of 96% (Ϯ1 log 2 dilution) and 92% interpretative category agreement. Neither minor, major, nor very major errors exceeded the recommended limits. Thus, the ScanMIC method results meet the performance criteria for susceptibility testing. Similar values for overall absolute categorical agreement (91%), distribution difference agreement (91%), major errors (1.9%), and very major errors (2.4%) were reported earlier by Baker et al. for comparisons between a colorimetric broth microdilution and the agar dilution method (1). The ScanMIC results showed better accuracy than the results found by Baker et al., but that is to be expected, since the ScanMIC method and the reference method were based on the broth dilution method.
It may be argued that the influence of the indicator on the action of the antibiotic and the influence of the software may give rise to false interpretations of the data and thus influence the accuracy of the MIC results. However, since these effects are clearly linked in the experimental situation, we have not been able to measure these underlying effects separately. To verify their influence on the accuracy of the results, the twostep incubation colorimetric broth microdilution method was performed (see Results section). It might be expected that the two-step incubation colorimetric broth microdilution method would show better accuracy than a one-step incubation colorimetric broth microdilution method, since possible effects of the indicator on bacterial growth or of interactions between the antibiotic and indicator could be escaped by adding the indicator after bacterial growth had occurred. The overall es- sential agreement between the two-step incubation colorimetric broth microdilution method and the broth microdilution method was found to be as high as 96.6% (Table 2 ). An earlier study by Johnson et al. reported an overall essential agreement of 93% when comparing the routine broth microdilution MIC method with a two-step incubation colorimetric broth microdilution method (13) . In our study, as expected, the agreement between the two-step incubation colorimetric broth microdilution method and the broth microdilution was higher than that obtained for the ScanMIC method and the broth microdilution method. However, the overall effects on accuracy were within accepted limits.
In recent years, increasing bacterial resistance to antimicrobial agents has become a topic of great interest in the scientific community (28) . In many countries, national surveillance and research programs have been initiated to monitor resistance in isolates from humans, foods, animals, and environment (16) . To investigate the representative flora from each sample, it is important that all investigators be able to study large numbers of isolates. Therefore, a rapid and efficient method is needed to screen large numbers of isolates for antibiotic resistance patterns. When cheap, easy, and labor-saving susceptibility testing methods for large numbers of bacterial isolates are needed, the ScanMIC method is an alternative.
In conclusion, the achievement of this study is the development of a simple, cheap, labor-saving semiautomated susceptibility testing method for gram-negative fermentative bacteria. The method used concentration gradients of antibiotics in 96-well microplates, tetrazolium salt as a growth indicator, a flatbed scanner to read the results, and in-house-developed software to calculate and store the MICs. The high agreement between our the ScanMIC method and the NCCLS reference method for MIC determination leads us to conclude that the ScanMIC method could become an acceptable and useful method for epidemiological surveys of the resistance patterns of large numbers of bacteria in the hospital and in the environment. It is to be noted, however, that the method has so far been evaluated only for coliform bacteria with seven antibiotics.
